Introduction
The continuous supply of iron to the mitochondria is an important requirement for the biosynthesis of heme and iron -sulfur clusters. 1, 2 Maintaining the mitochondrial iron pool in a soluble and bio-available form is a constant challenge for all living cells. Under physiological conditions, mononuclear Fe(II) can be rapidly oxidized to insoluble Fe(III), either by dioxygen to generate superoxide radical or by hydrogen peroxide, a by-product of respiration, to produce hydroxyl radical, the most reactive of oxygen species. Therefore, the need for highly efficient iron transport, storage, and detoxification systems is important to overcome the dual paradox imposed by iron, namely its poor solubility/bioavailability and toxicity.
Almost three decades ago, Flatmark & Romslo reported the presence of "non-heme non-ironsulfur" iron inside the matrix of isolated rat liver 0022-2836/$ -see front matter q 2004 Elsevier Ltd. All rights reserved.
E-mail address of the corresponding author: ndc@cisunix.unh.edu Abbreviations used: CyaY, bacterial frataxin; Dps, DNA binding protein from starved cells; DTPA, diethylenetriamine pentaacetic acid; EcBFR, E. coli bacterioferritin; IAA, iodoacetamide; EMPO, 5-ethoxycarbonyl-5-methyl-1-pyrroline-N-oxide; EPR, electron paramagnetic resonance; ITC, isothermal titration calorimetry; Mops, 3-(N-morpholino) propanesulfonic acid. mitochondria and suggested that a macromolecule distinct from ferritin might be responsible for the soluble and stable form of iron inside the mitochondria. 3 Recently, several mitochondrial proteins have been identified within the mitochondria and proven to be involved in mitochondrial iron transport. 4 -6 Frataxin, a protein implicated in iron metabolism 7 -10 was first identified as the mitochondrial protein deficient in Friedreich's ataxia (FRDA), an autosomal recessive cardio and neurodegenerative disease. 11, 12 It is a 210 amino acid pre-proprotein that is targeted to the mitochondrial matrix and found highly concentrated in the cells of heart, spinal cord and dorsal root ganglia, an expression that explains its correlation with neural degeneration, cardiomyopathy and increased risk of diabetes. 13 Frataxin has poor amino acid sequence homology with other known proteins involved in iron or heme metabolism and its precise biological function remains unclear. 12 -14 However, frataxin appears to be important for maintaining overall cellular iron homeostasis and for minimizing ironinduced oxidative reactions. More recently, ferroxidase activity for both yeast and human frataxin has been reported and a mineral core similar to the hydrous ferric oxide mineral found in ferritins has been identified by X-ray absorption spectroscopy in both proteins. 15 -17 Accordingly, and because of the apparent involvement of frataxin in normal cellular iron homeostasis, it has been suggested that the basic function of frataxin is to provide an iron storage mechanism similar to that of ferritin in order to keep iron in a bio-available and non-toxic form. 2, 15, 18, 19 However, recent studies point to a role of frataxin as an iron chaperone for iron-sulfur cluster (Isc) and heme biosyntheses. 20 -25 To characterize further the functions of frataxin, it is necessary to develop suitable model systems which can be used both for in vitro and in vivo studies. We have recently demonstrated that CyaY, the bacterial homologue of frataxin, is an excellent candidate, since it does not contain the import signal typical of the eukaryotic species and is well folded and thermodynamically stable. 26 A bacterial model system is advantageous also because several Isc proteins from Escherichia coli and other bacteria are well characterized. Here, we present a careful investigation of iron binding properties of E. coli CyaY and the influence of iron on the protein self-assembly. We demonstrate that CyaY forms multiple aggregates in the presence of Fe(III) but the assembly appears to be a nonspecific process. CyaY binds specifically, but relatively weakly, two ferrous ions whereas the protein can accommodate six or more ferric ions. We also provide a detailed account of the oxidation and hydrolysis chemistry of the protein and compare its properties with those of ferritins, demonstrating that CyaY and the ferritins have distinct features.
Results

Iron oxidation kinetics
The kinetics of Fe(II) oxidation with CyaY using O 2 and H 2 O 2 as oxidants were initially examined. The rate of iron(II) oxidation in the presence and absence of CyaY was followed by the absorbance change at 305 nm due to the formation of oxo/ hydroxo Fe(III) species (Figure 1(a) ). In these experiments, an Fe(II)/protein ratio of 6/1 was employed which corresponds to the measured Fe(III) binding stoichiometry (see below). Figure 1(a) shows the kinetic profile of Fe(II) oxidation in the presence of frataxin (curve (E)) versus buffer alone (curve (D)) using O 2 as the oxidant. Figure  1 (b). These results demonstrate that CyaY lacks enzymatic activity toward Fe(II) oxidation, otherwise the same half-life would have been obtained for each Fe(II) addition as typical of a catalytic process. Rather, the data show a changing rate of oxidation for the first six Fe(II) added, indicating that this first group of iron has distinct reaction properties from the iron added subsequently.
The stoichiometry of iron(II, III) binding
Isothermal titration calorimetry (ITC) of Fe(II) binding
Anaerobic ITC binding experiments were performed to determine the number of principal sites on the protein that bind Fe(II). Figure 2(a) shows the raw ITC data for Fe(II) binding to CyaY at pH 7.0 and the integrated heats (mJ) for each injection (Figure 2(b) ) versus the Fe(II)/apoprotein molar ratio. An exothermic reaction is seen and a good fit of the data is achieved using a model with one set of two independent binding sites with an association constant of K ¼ 2.6 £ 10 5 M
21
(K d ¼ 3.8 mM) (Figure 2(b) ). Ultrafiltration experiments (Materials and Methods) indicate that there are additional much weaker Fe(II) binding sites on CyaY; however, the weak binding properties of these sites do not permit us to determine their stoichiometry and affinity with complete confidence (data not shown).
Spectrophotometric and pH-stat titrations of Fe(III) binding
To establish the stoichiometry of Fe(III) binding, UV-visible and fluorescence spectrophotometries and pH-stat measurements were carried out while titrating CyaY with iron. Figure 3 shows the UV spectral changes at 296 nm upon multiple anaerobic additions of one Fe(II)/CyaY followed by 0. Experiments were carried out to establish the stoichiometric equations for iron binding and oxidation in CyaY. Firstly, to determine whether H þ is produced upon Fe 2þ binding to the protein, Fe(II) was added anaerobically to the apoprotein and proton production monitored by autotitration with a standard base (5 mM NaOH) while maintaining the pH at 7.50 with the pH-stat apparatus. Figure 6 shows that , 0.5 H þ /Fe 2þ is titrated upon the first addition of six Fe(II)/CyaY); this amount corresponds to the free acid in the Fe(II) solution itself as determined by pH stat measurements where Fe(II) is added to the solution in the absence of CyaY. Therefore, we conclude that no protons are produced upon Fe 2þ binding to the protein at pH 7.5, consistent with the ligands for the Fe(II) being deprotonated at this pH.
Stoichiometry of Fe(II) oxidation by H 2 O 2
To determine the stoichiometry of Fe(II) oxidation by H 2 O 2 , six Fe(II) were added anaerobically to the apoprotein and the solution titrated with when the CyaY experiment was repeated in different media (0.1 M Mops, 50 mM NaCl (pH 7.0 or 7.50), or 50 mM Mops, 200 mM NaCl (pH 7.50)). In a control experiment with egg albumin (six Fe(II)/albumin), titration also gave a H 2 O 2 /Fe(II) oxidation stoichiometry of 0.5/1 ( Figure 7 , curve (C)). The formation of polynuclear Fe(III) oxo(hydroxo) species was evident from the UV spectrum of the albumin sample. In a second control experiment with buffer alone, a stoichiometry of 1 Figure 6 , second addition). In a similar experiment with CyaY, H 2 O 2 was added in excess relative to Fe(II) (two H 2 O 2 /Fe(II)) and again proton production was monitored by autotitration with the standard base. Similar results to those reported in Figure 6 were obtained, confirming the proton count of 1.5 H þ /Fe(II) and the complete oxidation reaction of Fe(II) when H 2 O 2 was added at the lower 0.5 H 2 O 2 /Fe(II) ratio. Accordingly, we write the net reaction for the oxidation of two Fe(II) by a single H 2 O 2 in CyaY as follows:
where Z is the charge of the protein and P Z represents a CyaY monomer.
The molar absorptivity of the observed oxidation product [(Fe 3þ ) 2 O(OH) 3 2 P] Zþ1 is 1900 (^200) M 21 cm 21 per iron at 296 nm and falls in the range of the molar absorptivities of m-oxo/ hydroxo-bridged iron(III) dimers and small clusters of iron containing proteins and model complexes. 27, 28 Similar absorbing species were obtained when O 2 was employed as the oxidant; however, about one hour was required for complete iron oxidation compared to less than 15 s with H 2 O 2 as the oxidant (Figure 1(a) ).
Maximum capacity of iron oxidation and incorporation in CyaY
To determine the maximum amount of iron that the protein can accommodate with H 2 O 2 as the oxidant, a spectrophotometric titration was carried out where ten Fe(II)/CyaY were added each time (the first addition being past the six Fe(III)/CyaY endpoint) to the same protein sample followed by incremental additions of H 2 O 2 to give a final ratio of 0.5 H 2 O 2 /Fe(II) for each Fe(II) addition. As shown in Figure 8 , a discontinuity in absorbance is seen at about 26 Fe(II)/CyaY suggesting that CyaY can accumulate as many as 26 Fe(III). Precipitation is quite evident beyond 50 Fe(II) added. Analysis of a sample containing 25 Fe(III)/CyaY following centrifugation gave 21.6 (^2.3) Fe(III)/ protein, indicating that nearly all of the added iron remains soluble in the presence of the protein when otherwise it would have precipitated as a ferric hydroxide. The molar absorptivity of the oxidized iron species is 2500 (^300) M 21 cm 21 per iron at 296 nm, a value similar to that previously reported for mineralized iron in ferritins. 28 -31 The anaerobic titration of CyaY with Fe(II) produced no discernable changes in the intensity of the intrinsic fluorescence of the protein. However, titration with Fe(II) followed by H 2 O 2 each time produced significant quenching of the fluorescence and gave a maximum measured stoichiometry of 
where FeOOH is an iron oxidized species with UV absorption properties similar to the iron mineral observed with other proteins.
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Apo-CyaY and holo-CyaY (six Fe(III)/protein) were also examined for catalase activity. An amount of H 2 O 2 to give a concentration of 100 mM H 2 O 2 was added anaerobically to the 10 mM protein (pH 7.5) solution and the reaction followed for five minutes. Upon addition of H 2 O 2 , no O 2 evolution was observed as measured by electrode oximetry, a result indicating that neither the apo nor holo proteins exhibit catalase activity. As a control, bovine liver catalase was added to the same solution at the end of the five minute period; O 2 was nearly quantitatively produced, , 95% of that predicted from the disproportionation reaction of
EPR spin trapping experiments
Attenuation of hydroxyl radical production
The observed oxidation stoichiometry of two Fe(II) per H 2 O 2 suggests that Fenton chemistry which has a 1 : 1 Fe(II)/H 2 O 2 stoichiometry should occur minimally in CyaY. In order to determine the ability of the protein to effectively manage the toxicity of Fe 2þ and H 2 O 2 , EPR experiments using the spin trap EMPO were performed ( Figure 9 ). All solutions were deoxygenated with argon before each run. Spectrum A of Figure 9 the net reaction of equation (5):
In contrast to buffer (spectrum (A)) and albumin (spectrum (B)), hydroxyl radical production is significantly attenuated in the presence of CyaY. Spectra (C) and (D) correspond to the addition sequences CyaY þ EMPO þ 6 or 20 Fe(II)/CyaY þ H 2 O 2 , respectively. Little hydroxyl radical is trapped (2.6% and 7.2% of that in curve (A), respectively). These spin trapping results plus the measured 0.5 H 2 O 2 /Fe(II) stoichiometry for CyaY ( Figure 7 , curves (A) and (B)) suggest that Fe(II) is oxidized by H 2 O 2 in a single pair-wise step in this protein as described by equation (1). However, when H 2 O 2 is added to the CyaY prior to the addition of Fe(II), an oxidation stoichiometry 1 : 1 H 2 O 2 /Fe(II) is observed and an intense EPR spectrum is obtained (not shown). In this instance, the Fe(II) presumably reacts directly with the H 2 O 2 in the solution before the Fe(II) has sufficient time to bind to the protein, resulting in a loss of the protective effect of CyaY against iron induced radical formation.
Sedimentation equilibrium and velocity measurements
Yeast frataxin has been shown to assemble into a large aggregate in the presence of iron, forming a shell-like structure encapsulating an iron mineral core. 25 Ultracentrifugation experiments were therefore carried out on CyaY to establish whether the bacterial protein exhibits similar assembly properties. Sedimentation velocity measurements with the protein in the absence of iron showed a single component at s , 1.7 (^0.2) corresponding to a molecular mass of 12,500 (^500) Da. This value was confirmed by sedimentation equilibrium measurements and is in accord with the protein being monomeric in solution in the absence of iron.
The addition of iron (six Fe(II)/CyaY in 21% O 2 or anaerobically followed by H 2 O 2 titration) caused the formation of multiple components in the sedimentation velocity profile of the sample (Figure 10 ). Higher iron additions (up to 40 Fe(II)/CyaY) did not change the species distribution profile from that shown in Figure 10 and both O 2 and H 2 O 2 promoted similar assembly patterns. However, the ionic strength of the solution had a pronounced effect on the amount of protein aggregation observed ( Figure 10 , curves A and B versus C and D). More protein aggregation, 60-70% of the total, was obtained when a low salt concentration was used as shown in curves A and B (10 mM NaCl or KCl) compared to only 20-30% when a higher salt concentration was employed as shown in curves C and D (150 mM NaCl or KCl) (Figure 10 ). Significantly, sedimentation velocity measurements with egg albumin (six Fe(III)/protein followed by H 2 O 2 titration) as a control under similar conditions as described for Figure 10 likewise showed the formation of multiple high molecular mass assemblies as seen with CyaY (data not shown).
To determine whether the formation of disulfide bridges from exposed cysteine residues (Cys32 and Cys80) might be responsible for the aggregation observed with Fe(II) and H 2 O 2 , CyaY was first alkylated with excess iodoacetamide (IAA) in 50 mM Mops, 150 mM NaCl (pH 7.0) at room temperature ([IAA]/[CyaY] ¼ 10 for four hours) followed by the anaerobic addition of six Fe(II) to CyaY and then H 2 O 2 . A similar percentage of aggregation (33% of total protein) to that seen in Figure 10 in the absence of iodoacetamide was observed. Therefore, the cysteine residues do not appear to be significantly involved in cross-linking of the protein.
The effect of adding Fe(II) or H 2 O 2 alone to CyaY in promoting protein aggregation was also examined by sedimentation velocity measurements. When H 2 O 2 was added to the apoprotein in a 10 : 1 ratio, no protein aggregation was seen, indicating that H 2 O 2 itself is not responsible for the observed aggregation. However, when the apoprotein was incubated overnight with ten Fe(II)/CyaY under anaerobic conditions and in the presence of 10 mM sodium dithionite (Na 2 S 2 O 4 ) in 50 mM Mops, 150 mM NaCl (pH 7.0), a sedimentation pattern quite unlike that in Figure 10 was observed. The monomeric 1.7 S (M r 12,500) apoprotein The aggregation induced by addition of metal ions Fe(II) and Fe(III), and also Ca(II) (not shown), was readily reversed by the addition of chelating agents such as EDTA or EGTA. This result is a further indication that covalent cross-linking of the protein is not responsible for the observed association. Thus, protein aggregation appears to be a consequence of metal ion binding simultaneously to multiple subunits in some type of bridging fashion.
Discussion
We have carried out here a detailed characterization of the iron binding and kinetic properties of CyaY. Since it has been suggested that frataxins have ferritin-like activity it is appropriate to compare our findings with those obtained for ferritin. Bacterial frataxin CyaY exhibits similar iron oxidation and detoxification properties to those of the heme-containing bacterioferritin (EcBFR) and the DNA binding protein from starved cells (Dps). 27, 28 However, unlike EcBFR but similar to Dps, O 2 is a poor oxidant for Fe(II) in CyaY (Figure 1 ), indicating that CyaY lacks ferroxidase activity with O 2 . When H 2 O 2 is used as the Fe(II) oxidant, rapid and complete oxidation of Fe(II) is observed (Figure 1(a) , curve (A)) with a stoichiometry of two Fe(II) per H 2 O 2 ( Figure 7, curves (A) and (B) ). The fastest rate of oxidation with H 2 O 2 , which is not catalytic, is achieved once six or more Fe(II) have been cumulatively added to the protein (Figure 1(b) ). The associated binding and oxidation of Fe(II) in CyaY causes an increase in absorbance at 295-305 nm from polynuclear Fe(III) hydroxo(oxo) species (Figures 1 and 3) where the Fe(III) remains solubilized with the protein, unlike the situation in buffer alone where ferric hydroxide precipitation occurs ( Figure 1, curves (C) and (D) ).
Pair-wise oxidation of Fe(II) by H 2 O 2 in CyaY (equations (1) and (2)) avoids the production of hydroxyl radicals and the damaging effect of these highly reactive species. Similar oxidation reactions have been observed with E. coli bacterioferritin and Dps. 27, 28 Consistent with equations (1) and (2), the spin trapping experiments (Figure 9) show that hydroxyl radical production is greatly attenuated in the presence of CyaY at all levels of Fe(II) added. The ability of CyaY to facilitate pair-wise oxidation of Fe(II) by H 2 O 2 is probably due to the presence of a dinuclear iron binding site on this protein that is absent on albumin but found on known iron binding and detoxification proteins. 26 -31 The attenuating effect of CyaY on hydroxyl radical production is in agreement with recent studies suggesting that increased oxidative damage and iron induced formation of free radicals are associated with deficiency in frataxin. 19,32 -34 ITC titration of CyaY with Fe(II) anaerobically reveals an exothermic event (DH8 ¼ 2 4.88 kJ/mol) with a binding stoichiometry of two ferrous ions per frataxin monomer (Figure 2) . The relatively large positive entropy (DS o ¼ 87.20 J/mol K) of binding indicates that the interaction of Fe(II) with CyaY is largely entropically driven, as previously observed for the binding of Fe(II), Zn(II) and Tb(III) to human ferritins. 35, 36 The significant entropy change observed is presumably due to the changes in the hydration of the protein and of the metal ion upon binding to the protein. The ITC data indicate that at least two Fe(II) relatively weakly associate with CyaY (K D , 4 mM) and are thus bio-available. Based on the facile iron binding and displacement, one interpretation is that CyaY may act as mitochondrial iron chaperon that prevents the participation of iron in Fenton chemistry while keeping it available for different biosynthetic pathways as suggested for yeast and human frataxins. 12,16,23 -25 Kinetic, spectrophotometric and spectrofluorimetric titrations and pH-stat measurements of Fe(II) binding and oxidation in CyaY using H 2 O 2 as oxidant all show a stoichiometry of six Fe(III)/ CyaY (Figures 1(b) , and 3 -5) as does human frataxin, 23 implying that a minimum of six Fe(III) per monomer are produced in the first stage of iron oxidation, ultimately leading to the sequestration of as many as 26 Fe(III) atoms per monomer (Figure 8) . Two of the six Fe(III) are probably derived from oxidation of the two bound Fe(II) observed by ITC. The other four Fe(III) may be produced as a result of cluster formation or from Fe(II) oxidation at additional weaker Fe(II) binding sites suggested by the ultrafiltration experiment. The kinetic data showing a minimum half-life for iron oxidation once six Fe(II) have been added to the protein (Figure 1(b) ) suggests a change in mechanism, perhaps to one no longer involving the protein binding sites. At this stage, further iron oxidation probably occurs directly on the surface of a preformed cluster of Fe(III) associated with the protein or on the highly anionic and conserved surface of the protein. 26 The oxidation reaction of Fe(II) by H 2 O 2 in CyaY (equation (1)) is similar to that found for Dps, 27 in that both of them produce the same number of protons with the same Fe(II)/H 2 O 2 oxidation stoichiometry of 2/1. The Fe(II) oxidation reaction beyond six Fe(II)/CyaY (equation (2)) is identical to other iron mineralization protein reactions where H 2 O 2 again oxidizes Fe(II) pair-wise with the production of two H þ per Fe(II) oxidized. 27, 28 The fact that the H þ /Fe(II) stoichiometry and the rates of proton release are different for the first and second additions of six Fe(II)/CyaY (Figures 4  and 6 ) is a further indication of a change in reaction mechanism beyond the first six irons added.
Unlike yeast frataxin, 25 the bacterial protein CyaY does not assemble into a predominantly single high molecular mass species holding large amounts of iron(III) inside its protein shell as found in ferritins. Instead, only partial aggregation occurs with Fe(III), forming several species but none in great abundance (Figure 10 ). In the absence of metal ions, CyaY exists as a monomer in solution. The sensitivity of the Fe(III) induced aggregated species to salt concentration and the fact that albumin also aggregates in the presence of six Fe(III)/ albumin strongly suggests that the observed Fe(III) induced assembly is a non-specific effect that is probably not relevant to the function of CyaY.
Studies on Saccharomyces cerevisiae and mammalian cells have concluded that frataxin is a conserved mitochondrial protein required for iron homeostasis. 8, 9, 32, 37, 38 Several previous observations support the hypothesis that mitochondrial iron accumulation, hypersensitivity to oxidative stress, and inadequate iron-sulfur cluster synthesis occur in Friedreich's ataxia, a consequence of frataxin deficiency. 12 Yeast frataxin may have an iron storage function presumably because it does not have a mitochondrial ferritin as found in humans. Human frataxin may have lost the storage function, primarily serving as a mitochondrial iron chaperon and helping to prevent the Fenton reaction, as suggested by the present work with CyaY, while keeping iron available for biosynthetic pathways. Consistent with this idea, is the report that human frataxin binds approximately six ferrous or ferric ions per monomer and delivers them for the biosynthesis of Fe -S clusters 23 and heme 24, 25 inside the mitochondria. CyaY may act like human frataxin by binding ferrous iron and keeping it available for these iron biosynthetic processes. The bacterial protein CyaY may also work synergistically with other chaperon proteins by signaling and assisting the synthesis of iron-sulfur cluster biogenesis. This hypothesis is supported by the recent observation that bacterial frataxin is genetically linked with two known iron-sulfur cluster assembly chaperon proteins, HSP66 and HSP20. 39 If this picture turns out to be at least partially true, it would therefore indicate that bacterial frataxin may act as a sensor for mitochondrial iron status through which the mechanism of iron-sulfur cluster assembly is regulated. Mitochondrial iron overload, impaired iron-sulfur cluster and oxidative damage would otherwise be the direct consequences of frataxin deficiency.
In conclusion, the present study has defined much of the iron chemistry of the bacterial frataxin, CyaY. The in vitro data presented here suggest that frataxin may help to prevent ironinduced oxidative damage while maintaining the iron pool within the mitochondria in a soluble, non-toxic and bio-available form for biosynthetic pathways. Consistent with this hypothesis, a proposed model of frataxin function inside the mitochondria suggests that frataxin deficiency would promote immediate oxidative damage followed by progressive iron accumulation. 2 The sequence of these events may explain the early embryonic lethality induced by deletion of the mouse frataxin gene before detectable levels of iron can accumulate. 40 
Materials and Methods
The recombinant CyaY was expressed in E. coli and purified in the iron-free form as described 26 and the protein concentration was determined from its absorbance at 280 nm using a molar absorptivity of 29,970 M 21 cm
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. Chicken egg albumin was obtained from Sigma-Aldrich. All chemicals were of reagent grade quality and used without further purification. The freshly prepared stock solutions of hydrogen peroxide were assayed by electrode oximetry from the amount of O 2 produced upon addition of catalase (EC 1.11.1.6; 65,000 units/mg; Roche Molecular Biochemicals) or from its absorbance at 240 nm (e ¼ 43.6 M 21 cm
). 29 The 5-ethoxycarbonyl-5-methyl-1-pyrroline-N-oxide (EMPO) spin trap was purchased from Oxis Research (Portland, OR), diethylenetriamine pentaacetic acid (DTPA) from Sigma, and iodoacetaminde (IAA) from Aldrich, EDTA from Pierce, and EGTA from J. T. Baker.
The oximetry/pH-stat apparatus was standardized and operated as described. 30, 31 All the solutions were thoroughly deoxygenated by purging with high purity grade argon gas (99.995%; , 5 ppm O 2 ) before experiments involving the anaerobic oxidation of Fe(II) by H 2 O 2 . In the pH-stat experiments, the use of 0.3 mM 3-(N-morpholino)propane-sulfonic acid (Mops) buffer increased the stability of the pH-stat control without significantly buffering the solution. Background compensations for the free acid in the ferrous sulfate stock solutions were made in all calculations.
The ultraviolet-visible difference spectrophotometric titrations and kinetic measurements of Fe(II) oxidation by H 2 O 2 or O 2 in CyaY were performed on a Cary 50 spectrophotometer. For the anaerobic experiments, 1 ml of deoxygenated apo-CyaY solution was added to a quartz cuvette maintained under constant positive atmosphere of pure argon through a septum in the cuvette cap. The instrument was zeroed with the apoprotein alone in the same buffer solution prior to all absorbance measurements. In the kinetic measurements of Fe(II) oxidation by O 2 , Ferrozine was used to quench the reaction and the concentration of unreacted Fe(II) measured from the absorbance of the Fe(II)(Ferrozine) 3 complex at 562 nm using 1 ¼ 27,900 M 21 cm
.
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The spin-trapping EPR experiments were measured on a laboratory assembled EPR spectrophotometer as described elsewhere 27 or on a Bruker EleXsys E-500 EPR spectrometer. The responses of the two instruments were calibrated to one another by running the same spin trapped radical sample on each. All spectra were recorded immediately after the addition of the last reagent. The conditions of the experiment and the parameters of the spectrometer are indicated in the legend to Figure 9 .
Sedimentation velocity measurements were carried out on a Beckman XLI analytical ultracentrifuge using either absorbance or interference optics. The experiments were conducted at different rotor speeds (12,000-60,000 rpm) at 20 8C with a protein concentration between 20 and 55 mM. Radial absorbance scans were collected at both 280 nm and 310 nm using the continuous scanning mode to provide an effective radial resolution of 30 mm. Plots of c(s p ) versus s were obtained using the observed sedimentation data and Lamm equation as described. 41 The iron content of protein samples was carried out spectrophotometrically using the Ferrozine assay after first reducing Fe(III) to Fe(II) with ascorbate in trichloroacetic acid.
Fluorescence measurements were performed at room temperature in 50 mM Mops, 150 mM NaCl (pH 7.52), on a Varian Cary Eclipse fluorimeter with excitation at 280 nm. The bandwidths of the excitation and emission monochromators were 5 nm.
Isothermal titration calorimetry (ITC) measurements of Fe(II) binding were carried out at 25.00 8C with an upgraded CSC model 4200 isothermal calorimeter (Calorimetry Science Corporation, Provo, Utah). The instrument operation and calibration were performed as described. 35, 36 All the thermodynamic parameters including the standard enthalpy change (DH o ), the binding constant (K) and the stoichiometry of binding (n) were determined from a single ITC experiment. Ultrafiltration studies of Fe(II) binding were carried out with a 3 ml Amicon cell fitted with a YM 3 membrane. Microliter increments of 2 -5 mM FeSO 4 solution were added to 2 ml of deoxygenated 8 -10 mM CyaY in 50 mM Mops, 150 mM NaCl (pH 7.0) and the volume reduced under Ar pressure to 1 ml each time followed by the addition of 1 ml of deoxygenated buffer plus additional FeSO 4 in the presence of 2 -5 mM dithionite (Na 2 S 2 O 4 ). The Fe(II) content of the 1 ml of ultrafiltrate following each addition of increasing amounts of Fe(II) to the cell was measured using either the bathophenantroline-disulfonic acid (BPS, 22,140 M 21 cm 21 at 535 nm) or the Ferrozine assay. 43 A control experiment in the absence of protein demonstrated that the membrane did not bind or retain Fe(II) in the cell.
